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Abstract
This paper concentrates on a detailed analysis of Lorentz transmission
electron microscopy (LTEM) observations in the study of the magnetic
properties of soft magnetic ﬁlms. Besides ripple fringes in the LTEM image
that are commonly observed in nanocrystalline soft magnetic ﬁlms, there also
appears a dotted contrast along the ripple fringes. A theory of LTEM images
for ﬁlms with one-dimensional and two-dimensional (2D) periodic topographies,
in combination with the micromagnetic oscillations of the magnetization, is
presented. The theory predicts the 2D pattern in LTEM in agreement with
experimental observations.
}1. Introduction
This paper concentrates on the application of transmission electron microscopy
(TEM) to functional materials, such as ultrasoft magnetic ﬁlms for high-frequency
inductors, to reveal the structure-property relationship. There exists an increasing
demand for further miniaturization in portable appliances(e.g. mobile phonesand
palmtop computers). To this end the use of high frequencies (e.g. 10–1000MHz) in
combination with thin magnetic materials is desirable. The use of magnetic ﬁlms
allowsthe integration of trans formersand inductorsinto s ilicon integrated circuitry.
Soft magnetic ﬁlms are also widely used in modern electromagnetic devices as a
high-frequency (greater than 100MHz) ﬁeld-amplifying component, for example
in read–write headsfor magnetic dis k memoriesfor computersand asa magnetic
shielding material (e.g. in turners). The main requirements for the ﬁlm material are a
high saturation magnetization, combined with a low coercivity and a small but ﬁnite
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electrical resistivity to reduce eddy currents and also possess appropriate mechanical
properties. To obtain the desired properties (low coercivity, little strain and very
small magnetostriction) the use of materials with grain size of the order of 10nm
such as nanocrystalline iron, becomes attractive.
Knowledge of local magnetic properties is essential for the development of new
magnetic nanosized materials. One technique that is suitable for the measurement of
local magnetic structures is the Lorentz–Fresnel (or defocused) imaging mode of
TEM. This rather classical TEM technique (for a recent review see De Graef and
Zhu (2001)) has several outstanding advantages: uncomplicated application to
various parts of a thin foil, the possibility of dynamic studies and good spatial
resolution. Nevertheless, obtaining quantitative information from Lorentz micro-
graphsisrelatively diﬃcult owing to an indirect link between image contras t and
spatial variation of magnetic induction, which is problematic in regions of abrupt
magnetization changes.
In this paper the possibility of a quantitative analysis of the magnetic properties
of nanocrystalline iron using TEM is presented. The goal is to delineate a more
quantitative way to obtain information about the magnetic induction and local
magnetization. It should be noted that techniques such as (oﬀ-axis) electron holo-
graphic modes(Tonomura 1999, McCartney et al. 2000) or diﬀerential phase con-
trast (Chapman 1984) give quantitative results, but require a more sophisticated and
specialized method to analyse the magnetic structures in these materials (De Hosson
et al. 2002).
It has been known for quite some time that in polycrystalline, nanocrystalline
and polycrystalline soft magnetic ﬁlms with an induced uniaxial anisotropy, the
direction of the magnetization wiggles around the easy axis, producing a so-called
micromagnetic ripple (for example Hoﬀmann (1964)). The local variation in the
magnetic ﬁeld in a thin ﬁlm inﬂuencesthe out-of-focusimage in TEM via variation
in the Lorentz force that actsperpendicular to the directionsof the electron beam
and the magnetic induction. Consequently, in Lorentz transmission electron micros-
copy (LTEM) the quasiperiodic oscillation of the transversal component of the
local magnetization leadsto almos t parallel (one dimens ional (1D)) fringesin
under- or over-focused images. From the spacing between the fringes the wavelength
and the amplitude of the angular spread of the magnetization direction can be
estimated, using the simpliﬁed relation (Chechenin et al. 2002a).
 0   0:059
C
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where  0 isin degrees , B represents the magnetic induction in teslas, and t and lx
are the thickness of the ﬁlm and the periodicity of the ripple structure respectively
(in micrometres). C¼2I/I0 isthe contras t of the LTEM image, where I0 isthe
average intensity and I isthe rmsvariation in the intens ity due to the magnetiza-
tion ripples. This relation follows from both a classical approach of the LTEM
imaging of micromagnetic ripple, developed by Fuller and Hale (1960a,b), and a
diﬀraction approach developed by Wohlleben (1967), based on the theory given by
Aharonov and Bohm (1958). In both approaches, the ﬁlm is assumed to be ﬂat and
only the transverse component of the magnetization oscillates in the longitudinal
direction.
2900 N. G. Chechenin et al.Often more complicated (e.g. bending or branching) Fresnel patterns are
observed around magnetic domain walls, at ﬁlm edges or for ﬁlms with grain sizes
larger than about 50nm (Fuller and Hale 1960a,b, Hoﬀmann 1964, Wohlleben 1967,
Chechenin et al. 2002a). The inﬂuence of the grain size and inhomogeneities on the
periodicity and dispersion angle of the magnetization has been discussed in a number
of papers(Hoﬀmann 1964, Hoﬀmann 2000, Chechenin et al. 2002b). Several of the
studies have provided a quantitative analysis of Fresnel images of more realistic
micromagnetic structure than proposed by Wohlleben (1967) (for a review see for
example De Graef and Zhu (2001)).
Here we focus on the analysis of an interesting complication of the Fresnel
image, namely the variation in the contrast along the ripple fringes, which is visible
in many Lorentz transmission electron micrographs (for example Wohlleben (1967)
and Aitchison et al. (2001)), but this has never been discussed in great detail. As an
interpretation of this two-dimensional (2D) contrast, we suggest a model where the
micromagnetic oscillations of the magnetization compete with oscillations due to the
topography of the ﬁlm. Note that the ﬂuctuations or variations discussed here are
only related to spatial modulations either of magnetization in the ﬁlm or of intensity
in the LTEM image. Any time dependence isneglected.
}2. Experimental observations
Nanocrystalline Fe–Zr–N ﬁlms have been prepared by dc magnetron reactive
sputtering with a thickness between 50 and 1000nm. The ﬁlms have been deposited
on glass or silicon substrates at several temperatures between room temperature and
200
 C. Polymer or copper underlayerswere us ed to ﬂoat the ﬁlm on to a grid for
TEM investigation. The deposition conditions were chosen to obtain a composition
(Fe99Zr1)1 xNx, where the concentration of nitrogen wasin the range x425at.%.
A6 4k Am
 1 magnetic ﬁeld was applied in the plane of the samples during deposition
to induce uniaxial anisotropy of up to 1.6kAm
 1. Asrevealed by atomic force
microscopy (AFM), the ﬁlms with copper and with polymer underlayers often had
a roughness with a height variation up to 10nm and a quasiperiodicity in the rough-
ness of 100–200nm, in contrast with the ﬁlms deposited directly on the silicon, which
were atomically smooth. More details of the ﬁlm deposition has been given by
Chezan (2002) and Chezan et al. (2002). X-ray diﬀraction aswell asconventional
TEM and selected area diﬀraction reveal a crystallite size of 2–30nm for most of the
investigated sputter-deposited ﬁlms.
TEM and LTEM studies were performed using a JEOL 2010F transmission
electron microscope equipped with a post-column energy ﬁlter that provides an
additional magniﬁcation of around 20 at the plane of the charge-coupled device
camera with respect to the maximal magniﬁcation attainable by using a low-ﬁeld
objective minilens.
An example of a LTEM image with a ripple structure is depicted in ﬁgure 1. The
thickness of the ﬁlm was about 70nm. The ﬁlm was deposited on a substrate with a
copper underlayer which had a granular or hillock type of roughness with a rms
amplitude of   ¼5nm, with the base of the hills between 100 and 200nm in size and
with the distance between hills around 200nm, as revealed by AFM scans as shown
in ﬁgure 2. The in-focusbright-ﬁeld TEM image in ﬁgure 3 s howsa variation in
contrast that is not due to a ﬁnite grain size; the diﬀraction pattern in the inset in
ﬁgure 3 indicates that the ﬁlm is in an amorphous state. The contrast of the digital
Variation in magnetization of ultrasoft magnetic ﬁlms 2901Lorentz transmission electron micrograph in ﬁgure 1 was analysed taking linear
scans at various places and in diﬀerent directions within the image. A linear scan
perpendicular to the ripple fringes (T proﬁles) shows a quasiperiodic arrangement of
the fringes(ﬁgures1( b)a n d( d)), with a wavelength lx¼0.22 0.02mm and a con-
trast C¼0.5 0.1. Valuesof lx and C for all scans are given in table 1. These types
of fringe correspond to the wiggling of the magnetization vector, perpendicular to
the easy axis, called here the transverse component of magnetization (TCM). With
B¼ 0Ms¼1.7T, t¼70nm, equation (1) givesthe amplitude of the wiggling angle
 0   1.2
  or the amplitude of the TCM  0M0y¼ 0Ms 0¼1.03 10
 3C/tlx  
36mT.
Additionally, the intensity of the image is rather inhomogeneous along the ripple
direction, seen as a dotted contrast in ﬁgure 1(a), and demonstrated in the longi-
tudinal scan (L proﬁle) in ﬁgures 1(c) and (e). Thisvariation cannot be explained by
longitudinal oscillations of the TCM but requires a variation in the magnetization
along the main direction, that isan os cillation of the longitudinal component of
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Figure 1. (a) LTEM image of micromagnetic ripple; (b) intensity proﬁle in the transverse
direction T1; (c) intensity proﬁle along the ripple in the longitudinal direction L1;
(d) intensity proﬁle in the transverse direction T2; (e) intensity proﬁle along the ripple
in the longitudinal direction L2.magnetization (LCM). The periodicity ly of thismode isbetween 0.11 and 0.12 mm,
and the contrast C¼0.3–0.4, aslis ted in table 1. If we write, in analogy to equation
(1), for the oscillation of the LCM
 0 M0x   1:03   10
 3 C
tl
, ð2Þ
then  0M0x   41–43mT, which isonly s lightly higher than the amplitude of the
transverse oscillation obtained before. In the next section we analyse a possible
inﬂuence of the topography of the ﬁlm on the LTEM contrast.
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Figure 3. The in-focus bright-ﬁeld TEM image showing a variation in contrast that is not
due to the ﬁnite grain size; the diﬀraction pattern in the inset indicates that the ﬁlm is
in an amorphouss tate.
Figure 2. AFM image of the sputtered ﬁlm.}3. Theoretical analysis
3.1. Fresnel contrast of the Lorentz transmission electron microscopy image
Following the Aharonov–Bohm (1958) theory, the phase shift between two
pointsof the image isdetermined by the magnetic ﬂux through the area within lines
connecting the corresponding points on the upper and lower surfaces of the ﬁlms and
the trajectories of electrons passing these points (for example Wohlleben (1967)).
If one of the points is at the origin of the coordinates, we write for the phase shift
’ðrðx,yÞÞ ¼
p
F0
ðt
0
ðrðx,yÞ
0
Bðr,tÞdS, ð3Þ
where F0¼h/2e¼2.06 10
 15Wb¼2.06mTmm
2 isthe magnetic ﬂux quantum, e is
the electron charge, h isPlanck’scons tant, t is the ﬁlm thickness, B(r,t) isthe local
magnetic induction and dS isan element of area, limited by two electron trajectories
in consideration and represented by the vector oriented along the normal to this
element. For a uniform thickness, equation (3) can be rewritten as
’ðrðx,yÞÞ ¼
p
F0
t
ðrðx,yÞ
0
Byðx
0,y
0Þdx
0   Bxðx
0,y
0Þdy
0   
: ð4Þ
The intensity of the diﬀracted beam at the plane of the LTEM image can be eval-
uated using the Fourier transforms technique (for example Chapman (1984) and
Reimer (1989)):
Iðx
0,y
0Þ¼
ðð
Fðkx,kyÞTðkx,kyÞexp iðkxx
0 þ kyy
0Þ
  
dkx dky
       
       
2
, ð5Þ
where T(kx,ky) isa trans fer function and
Fðkx,kyÞ¼
ðð
fðx,yÞ exp  iðkxx þ kyyÞ
  
dxdy ð6Þ
isthe Fourier trans form of the exit electron wavefunction, with the wave-vector
components kx and ky. Assuming that a plane electron wave exp(ik0z) entersthe
ﬁlm, where k0¼2p/l0 and l0 isthe electron wavelength ( l0¼2.5pm for 200keV
electrons) and that only the phase is modiﬁed by the magnetic ﬁlm, the z-dependent
part of f(x,y) can be omitted in equations(5) and (6), and then
fðx,yÞ¼exp½i’ðx,yÞ : ð7Þ
Neglecting any eﬀects of the aperture and of the spherical aberration in the Fresnel
mode of LTEM the transfer function in equation (5) can be written as (Chapman
1984)
Tðkx,kyÞ¼exp
izl0ðk
2
x þ k
2
yÞ
2
 !
, ð8Þ
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Table 1. Analysis of the LTEM image, shown in ﬁgure 1.
Scan l (mm) C 0M (mT) 10, 20 (deg) zmax (nm)
T1 0.24 0.57 36 1.2
T2 0.23 0.55 36 1.2
L1 0.11 0.30 41 8.9 2.7
L2 0.12 0.34 43 9.1 3.0where z isa defocusvalue (   for overfocusand þ for underfocus). A non-zero
value of z makes the ripple image observable. In this case, equation (5) can be
represented in the form of a convolution between f(x,y) in equation (6) and the
Fourier transform of T(kx,ky), which gives
Iðx
0,y
0Þ¼
ð1
 1
dx
ð1
 1
dy exp½i’ðx,yÞ  exp  ip
ðx   x
0Þ
2 þðy   y
0Þ
2
zl0
 !          
         
2
: ð9Þ
It should be emphasized that the theoretical analysis presented here is restricted to
the case of uniform thickness and no external stray ﬁelds.
3.2. Eﬀect of the micromagnetic ripple and two-dimensional-topography of the
ﬁlm on the Lorentz transmission electron microscopy pattern
The ﬁrst contribution to the modulated magnetic induction entering equations
(3) and (4) comesfrom the wiggling of the magnetization around the eas y axis(EA),
taken to be the x axis. In the simplest approximation we have
By ¼  0 MyðxÞ¼ 0 M0y sin
2px
l1x
  
: ð10Þ
The variation My(x) is the longitudinal oscillations of the TCM. A transverse
ﬂuctuation My(y) wass hown to be energetically unfavourable (Fuller and Hale
1960a,b, Hoﬀmann 1964) because it costs exchange energy. Therefore, oscillations of
My in the  y or the  z direction do not appear in ﬂat homogeneousﬁlms . The
wiggling inducesan internal s tray ﬁeld oriented parallel and antiparallel to the main
magnetization direction. The magnitude of the stray ﬁeld can be easily estimated as
Bstr,x    p 0M 
2
10 cos
4px
l1x
  
, ð11Þ
where the amplitude of the angle  10 of the wiggling isof the order of 1
  depending
on the grain size and on the applied magnetic ﬁeld (De Hosson et al. 2002). We have
shown recently (Chechenin et al. 2002b), that the internal stray ﬁeld can strongly
aﬀect the ferromagnetic resonance width and the high-frequency properties of ultra-
soft magnetic ﬁlms. The presence of this stray ﬁeld induces a small oscillation in the
magnitude of the Lorentz force, acting perpendicular to the magnetization direction
on electronsmoving in the z direction.
As a second source of magnetic induction variation, we consider the contribution
due to a 2D topography of the ﬁlm. We consider a thin ﬁlm deposited on a rough
substrate with a 2D periodic variation in height. The thickness of the ﬁlm is constant
and is smaller than the wavelength of the topography modulations. Because of
demagnetizing eﬀects, the magnetization vector will follow the z modulation of the
ﬁlm, so that projection of the magnetic induction will be
Bx2 ¼  0M cos 2    0M
2    
2
2
2
 !
, ð12Þ
where the angle  2¼dz/dx describes the 2D surface modulation in the x direction
with an amplitude  20 and periodicities l2x and l2y in the x and y directionsres pec-
tively. At this step we assume that the angle follows a periodic dependence on the
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 2 ¼  20 sin
2px
l2x
  
sin
2py
l2y
  
, ð13Þ
which corresponds to the ﬁlm surface modulation
z ¼ zmax 1   cos
2px
l2x
  
sin
2py
l2y
     
: ð14Þ
In equation (14), zmax¼ 20 l2x/2p, and for a rms amplitude of the substrate rough-
ness of about 5nm, that is zmax¼ , and a periodicity of 200nm, the modulation
angle amplitude is  20¼9
 . Integrating equation (4), with equations(10)–(12),
we obtain
’ðx,yÞ¼
 0Mpt
F0
 10l1x
2p
1   cos
2px
l1x
     
þ p 
2
10y cos
4py
l1x
    
 y þ  
2
20 sin
2 2px
l2x
  
y
2
 
l2y
8p
sin
4py
l2y
       
: ð15Þ
Integration of equation (9) with equation (15) for the phase shift is not diﬃcult,
although rather tedious. Assuming small values of Sx and Sy and skipping all inter-
mediate steps, we arrive at the ﬁnal intensity as a sum of ﬁve terms: I(x
0,y
0)¼
P
II ,
with I¼1,5:
I1 ¼ 1,
I2 ¼ 2Sx cos
2px
0
l1x
  
sin
pzl0
l
2
1x
  
,
I3 ¼  4Sx 10
p
2l1x
  
ð2py
0   kzl0Þ cos
2px
0
l1x
  
sin
4pzl0
l
2
1x
  
,
I4 ¼  Sy
1
4l2y
  
ð2py
0   kzl0Þ cos
4px
0
l2x
  
sin
4pzl0
l
2
1x
  
,
I5 ¼
Sy
8
cos
2pð2y
0 þ kzl0Þ
l2y
  
  cos
4px
0
l2x
  
cos4 pzl0
1
l
2
2x
þ
1
l
2
2y
 ! "#
  cos
4pzl0
l
2
2y
 ! ()
ð16Þ
where k¼p 0Mt/F0, Sx¼ 0Mtl1x  10/2F0 and Sy¼ 0Mtl2y 
2
20=2F0:
It followsfrom equations(16) that the intens ity of the LTEM image varies
in both the x and the y directions, responding to the modes of magnetic oscillations
of the TCM and LCM equations(10)–(12). The s econd term I2 corresponds to the
longitudinal oscillations of the TCM (equation (10)). It gives a phase contrast for the
fringesoriented perpendicular to the main magnetization vector. The period of thes e
fringesisthe s ame asfor the micromagnetic ripple obtained from equation (10).
From equation (16), the predicted contrast of the ripple image is
Cx ¼
Ixð0Þ Ixðl1x=2Þ
Ixðl1x=4Þ
¼ 4S1x sin
pl0 z
l
2
1x
  
: ð17Þ
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situation where the sine term in equation (17) equals unity, leading to
C
max
x ¼
2 0 M0y lxt
F0
: ð18Þ
This relation is just the same as equation (2) used before (Chechenin et al. 2002a,b).
The last contribution in equation (16) corresponds to a variation in the magnetiza-
tion due to the topography and givesa periodic contras t in both x and y directions,
that is 2D contrast similar to that observed in ﬁgure 1. The wavelength of the
intensity variation in the image is half the wavelength of the topography modulation
obtained from equation (13). The maximum contrast is
C
max
y ¼
 0Mtl2y 
2
20
8F0
: ð19Þ
The third term I3 isdue to s tray ﬁeld variations . It givesa contras t in the x direction,
and no oscillating contrast in the y direction, similar to the fourth term, which is due
to the main non-oscillating component of magnetization. Both these terms originate
from the phase component with a linear dependence on the y coordinate in equation
(15), which appearsafter integration in equation (4) over d y
0 of the x
0 component of
B which doesnot os cillate in the y
0 direction. Removing the non-oscillating terms,
linear in y, equation (15) can be simpliﬁed to the form
’ðx,yÞ¼Sx 1   cos
2px
l1x
     
 
1
8
Sy sin
2 2px
l2y
  
sin
4py
l2y
  
: ð20Þ
Taking only the ﬁrst order terms in Sx and Sy, the intensity consists of three
contributions:
I1 ¼ 1,
I2 ¼ 2Sx cos
2px
0
l1x
  
sin
pzl0
l
2
1x
  
, ð21Þ
I3 ¼
Sy
8
sin
4py
0
l2y
  
cos
4px
0
l2x
  
cos4 pzl0
1
l
2
2x
þ
1
l
2
2y
 ! "#
þ cos
4pzl0
l
2
2y
 ! ()
:
The ﬁrst two are the same as I1 and I2 in equation (16) and the third iss imilar to
I5 in equation (16). An example of the contour map of the intensity is shown in ﬁgure
4 and illustrates the 2D nature of the contrast, calculated using equation (21). The
parameters for the plot were chosen to be close to those for the ﬁlm shown in ﬁgure
1: t¼0.07mm, l1x¼0.2mm, l2x¼l2y¼0.1mm, zmax¼5nm,  0M¼1.5T,  10¼1
 
and z¼0.5mm. The relationsfor the maximum contras t, equations(17)–(19),
are valid also for equation (21). Using the experimental data C¼0.2, ly¼0.1 derived
from ﬁgure 1 and t and  0M, listed above, from equation (19), we can obtain
zmax 3nm, which is smaller than the rms amplitude of roughness of substrate
and ﬁlm surfaces (ﬁgures 2(a) and (b)). Evidently, one of the reasons for this dis-
crepancy is that the real topography diﬀers from the simple periodic oscillations
(equation (13)) that we used in the model calculations. A second reason could be
Variation in magnetization of ultrasoft magnetic ﬁlms 2907a deviation of the demagnetizing factor from one, resulting in smaller eﬀective
oscillations of Bx2 (equation (12)). Further, the linear approximation (i.e. weak
phase object) may not be safely applicable with the high contrast values over the
entire range.
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Figure 4. Contour map of the LTEM image intensity according to equation (19). The x and
y coordinates are in micrometres. The parameters for the plot were chosen to be close
to those for the ﬁlm shown in ﬁgure 1: t¼0.07mm, l1x¼0.2mm, l2x¼l2y¼0.1mm,
zmax¼5nm,  0M¼1.5T,  10¼1
  and z¼0.5mm.
Figure 5. A 2D contrast in LTEM has been induced by a 1D-wave-like ﬁlm topography, for
example asdes cribed by equation (22), z¼zmaxsin(2px
00/l2), where x
00/l2 represents
the modulation in x
00.3.3. One-dimensional wave ﬁlm topography
A 2D-contrast in LTEM can also be induced by a 1D-wave-like ﬁlm topography,
for example asdes cribed by
z ¼ zmax sin
2px
00
l2
  
, ð22Þ
asillus trated in ﬁgure 5, where x
00/l2 represents the modulation in x
00. We suppose
that the x
00 axisdeviatesby an angle   from the x axis(EA) in the x–y plane. Since
x
00 ¼ x cos   þ ysin , ð23Þ
the tilt angle of the magnetization direction in the x–z plane with respect to the x–y
plane is
 2 ¼
dz
dx
¼ zmax
2p
l2
cos  cos
2p
l2
x cos  þ y sin  ðÞ
  
: ð24Þ
Neglecting non-oscillating terms linear in y, the phase shift is
’ðx,yÞ¼Sx 1   cos
2px
l1
     
þ
Sy
8si n  
sin
2pðxcos  þ sinysin Þ
l2
  
 
Sy
8sin 
sin
2px cos  
l2
  
: ð25Þ
Four major terms determine the intensity contrast in this case:
I1 ¼ 1,
I2 ¼ 2Sx cos
2px
0
l1
  
sin
pzl0
l
2
1
  
,
I3 ¼
Sy
4sin 
sin
4px
0 cos 
l2
  
sin
4pzl0 cos
2  
l
2
2
 !
,
I4 ¼ 
Sy
4sin 
sin
4pðx
0 cos  þ y
0 sin Þ
l2
  
sin
4pzl0
l
2
2
  
:
ð26Þ
It follows from these equations and ﬁgure 6 that the compromise between the
micromagnetic (I2) and topography (I3 and I4) oscillations not only depends on
the combination of the micromagnetic and topography parametersbut als o is
critically sensitive to the tilt angle  . When the topography wave-vector isparallel
to the EA,   ¼0, then there are no y oscillation but, at   >0, the topography
component can be even more pronounced than the micromagnetic component
and could lead to fringeswhich are oriented perpendicular to the topography
wave-vector, as illustrated in ﬁgure 6. For this reason, one must be careful in
assigning the direction of the main magnetization.
}4. Discussion
Deviations of thin-ﬁlm interfaces from ﬂatness may have a substantial eﬀect on
their physical properties, for example the magnetic coercive ﬁeld, demagnetizing
Variation in magnetization of ultrasoft magnetic ﬁlms 2909ﬁeld, giant magnetoresistance and domain walls (Jeong and Walser 1988, Fishman
and Calecki 1991, Schuhrke et al. 1995, Palasantzas et al. 2000, Zhao et al. 2000).
Recently the eﬀectsof roughnes son magnetic propertieshave been examined
by describing the roughness in terms of a self-aﬃne fractal scaling but these
studies are focused on the theoretical description rather than on an experimental
validation. The purpose of this paper is to promote TEM not only as a tool
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Figure 6. (a) Calculated LTEM contrast for the 1D-wave topography with a wave-vector
that deviatesby an angle   ¼30
  from the EA; (b) calculated LTEM contrast for the
1D-wave topography with a wave-vector that deviatesby an angle of 60
  from the EA;
(c) calculated LTEM contrast for the 1D-wave topography with a wave-vector that
deviatesby an angle of 90
  from the EA. It followsfrom thisﬁgure that the compro-
mise between the micromagnetic and topography oscillations not only depends on the
combination of the micromagnetic and topography parametersbut als o iscritically
sensitive to the tilt angle  . When the topography wave-vector isparallel to the EA,
  ¼0, then there are no y oscillations but, at   >0, the topography component can be
even more pronounced than the micromagnetic component and could lead to fringes
which are oriented perpendicular to the topography wave-vector, asillus trated in this
ﬁgure.for observing structural defects at the highest possible resolution but also as a
technique for measuring the eﬀect of topology on physical properties as well.
In thisway the linkage between s tructural information and functional properties
can be made.
We emphasize that 2D LTEM patterns considered here refer to the dotted
contrast along the ripple fringes and not to 2D features due to a bending, crossing
or branching of the fringes itself, as considered elsewhere (for example Hoﬀmann
(1964), Jeong and Walser (1988) and Chechenin et al. (2002a)). With thisbending,
crossing or branching, the Fresnel images are always two-dimensional patterns.
The micromagnetic oscillation of magnetization in nanocrystalline materials is
driven by the coupling volume of the exchange interaction. The coupling volume
can be much smaller than the ripple dimension in polycrystalline ﬁlms if the individ-
ual grainsare exchange decoupled. Es timations(Chechenin et al. 2002a) show that
the longitudinal size of the coupling volume (along the EA), according to Hoﬀmann
(1964) isof the order of the ripple wavelength and ordersof magnitude s maller than
the transverse sizes of the coupling volume (perpendicular to the EA) (Jeong and
Walser 1988). (We agree with Jeong and Walser (1988) that quantitative estimations
based on the Hoﬀmann theory should be taken with precaution; however, in our
opinion, a better analytical treatment hasnot yet arrived.) With the dotted contras t
the wavelength ratio is reversed; the periodicity of dotted contrast is normally
smaller than that for micromagnetic ripple. This supports the idea that transverse
oscillations of TCM cannot be considered as a possible source of the dot-like
contrast reported here.
As a matter of course our simulated images shown in ﬁgures 4 and 6 are rather
idealized. If we include, for example, termswith higher ordersof Sx and Sy the
imagesbecome more complicated but res emble the experimental imagesmore
closely. In this paper, we do not pursue the goal to reproduce the experimental
images, but to ﬁnd analytical relations between selected features of the LTEM
images and the magnetic features so as to ﬁnd the cause. We have demonstrated
that the model of TCM plustopography os cillationsdeveloped here predicts
reasonable values for parameters of both the ripple fringes and the dotted
contrasts. Regarding the contrast values, we eliminate the problem caused by
division in micrograph analysis (Schuhrke et al. 1995), when an out-of-focus
image isdivided by the in-focusimage. In our cas e, one obtainsthe contras t
value from neighbouring peaks of intensity in a single out-of-focus image, although
it may produce a problem in the analysis of emulsion micrographs owing to a
possible nonlinearity of emulsion contrast with respect to the recorded electron
density.
It is also evident from simulations and equations (16), (21) and (26) that varia-
tion in the intensity in the y direction occursnot only at maximum intens ity in the x
direction, but at all possible x values. This is also in agreement with experimental
observations. Dotted contrast appears on the top of the fringes only because of an
intensity threshold to demonstrate the image contrast. Similar variations in intensity
exist in any scan across the ripple fringes.
It should be emphasized that the analysis concentrates only on the magnetic
contributions to the contrast. If the ﬁlm is of uniform thickness and amorphous,
then this is a reasonable simpliﬁcation. However, the support ﬁlm has a roughness
and therefore also a thickness variation. This could give some contrast in
Fresnel mode, particularly for copper ﬁlms. This contrast could also be compa-
Variation in magnetization of ultrasoft magnetic ﬁlms 2911rable with the magnetic eﬀects but this still has to be analysed from theoretical
considerations.
}5. Conclusion
We have shown that in addition to the quasiperiodic ripple structure of the
Fresnel contrast, caused by an oscillation of the magnetization around the EA,
there is a dotted contrast along the ripple fringes. This type of contrast can be
simulated within a model of an image consisting of the oscillations of magnetization
around the easy direction and a wavy topological structure; the former mode gives
periodic rippleswith the wave-vector parallel to the EA, whereasthe latter gives
dotted contrast along the ripple fringes. The observed and simulated contrasts of
both longitudinal and transverse modes of the ripple are in reasonable agreement
for the case of signiﬁcant ripple structure. It is also shown that at a large surface
roughness the LTEM ripple fringes can follow the direction of the topography
oscillations and not the micromagnetic ripple, which can cause mistakes in interpre-
tation of LTEM patterns. However, in most practical cases the topology-induced
contras t isnegligible, becaus e it isproportional to the s quare of the amplitude of the
angle variation,  
2
20, which is usually small.
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